A modified bubble electrospinning by placing a positively charged ring between the bubble and the parallel electrode collector was presented to fabricate highly aligned nanofibers. The theoretical and experimental analyses were carried out to study formation mechanism of highly aligned nanofibers using the modified bubble electrospinning. The results showed the modified bubble electrospinning could decrease the nanofiber diameter, enhance the diameter distribution, and improve the nanofiber alignment.
Introduction
Bubble electrospinning (BE) is a promising technology for mass production of nanofibers. During the BE process, an electric field presented induces charges into the polymer bubble surface, and these quickly relax to the bubble surface. Once the electric field exceeds the critical value needed to overcome the surface tension, the bubble is broken, and the ruptured bubble is pulled upwards to form a charged jet, which is then received on the metal receiver as nanofibers [1] [2] [3] . However, the collected nanofibers are typically randomly oriented in the form of non-woven. The randomly oriented nanofibers lead to low molecular orientation and as a result materials with low mechanical properties are obtained [4] [5] [6] . It is desirable to generate aligned nanofibers to broaden the applications of electrospinning, such as tissue engineering, drug delivery, filtration membranes, etc. [7] [8] [9] [10] [11] [12] .
In this paper, we modified the BE by placing a positively charged ring between the bubble and the parallel electrode collector to improve the degree of nanofiber alignment. The schematic of the BE apparatus was represented in fig. 1 . Theoretical and experimental analyses were carried out to study the formation mechanism of the well-aligned nanofibers obtained by the modified bubble electrospinning (MBE). The results showed this modification decreased the nanofiber diameter, enhanced the diameter distribution, and improved the nanofiber alignment. Moreover, the positively charged ring could be used to optimize and control the nanofiber alignment.
Theoretical analysis
When we placed a positively charged ring between the bubble and the parallel electrode collector ( fig. 2 ), Coulomb forces were generated due to the current in the polymer jet [6] : -------------- 
where k is the Coulomb's constant, k = 8.987552·10 9 Nm 2 /C 2 , q a -the signed magnitude of the point a charge, q b and q c are the electric charges transferred through the ring over a time t, d 1 -the distance between the charges q a and q b , and d 2 -the distance between the charges q a and q c . The vector forms of the equations calculated the force ab F applied on q a by q b , and the force ac F applied on q a by q c , respectively. Figure 3 shows the vertical components of force at the point a in the MBE process. In fig. 3 (a), the vertical resultant force F 1 could be calculated:
Analysis of the vertical components of force
where F E is the electric field force, τ -the viscous force, E -the electric field intensity, a and b -the constants to be further determined experimentally or theoretically, and v -the velocity of the jet.
where U is the voltage (or potential difference) between the bubble and the parallel auxiliary electrodes, d -the distance from the bubble to the parallel auxiliary electrodes, U 0 -the applied ring voltage, and R -the electrical resistance of the ring. We assumed the vertical component of viscous force contributes no work for the downward movement of the jet. Then the resulting vertical resultant force F 1 could be written in the following form:
In fig. 3(b) , proceeding the same way as illustrated in fig. 3(a) , the vertical resultant force F 2 could be also calculated:
According to eq. (6), the vertical resultant force, F 2 , would increase the kinetic energy of the moving jet, and the downward movement of the jet would be accelerated by F 2 .
In view of eq. (5), when:
that was F 1 ≤ 0, the vertical resultant force F 1 produced by the ring would hinder the downward movement of the charged jet. When:
that was F 1 > 0, the downward movement of the charged jet would be accelerated by F 1 , and the stability condition was improved. When: we assumed the vertical resultant force produced by the ring contributes no work for the moving jet. Therefore, well-aligned nanofibers would be obtained by adjusting the applied ring voltages in the MBE process. When the applied ring voltage was too high, that was:
the vertical resultant force F 1 would hinder the downward movement of the charged jet, and make it very difficult to collect nanofibers. As a result there was an optimal ring voltage to obtain well-aligned nanofibers. Figure 4 showed the horizontal components of force at the point a in the MBE process. fig. 4 , the centripetal force F 3 could be also calculated using Newton's second law: 
Analysis of the horizontal components of force
The horizontal resultant force, F 3 , of the jet flow produced a centripetal force, leading to the shrinking of the radius of whipping circle. The shrunken circle meant less energy waste in the instability process, the saved energy was used to increase the kinetic energy of the moving jet [3] . As a result the stability condition and the nanofiber alignment would be enormously improved.
Experimental verification
Polyacrylonitrile (PAN), with a molecular weight of 150,000 g/mol, was dissolved in the N,N-dimethylformamide with a concentration of 7 wt.%. In the bubble electrospinning process, the positive terminal of the generator was connected to a copper ring, and the voltage provided was referred to as the ring voltage. The ring was 18 cm in diameter. All the experiments were carried out with the same voltage applied (35 kV) and the same collective distance (15 cm) at the room temperature (25 ºC) and 45% relative humidity. In addition, the distance from the ring to the parallel electrode collector was 5 cm, and the applied ring voltage was +5 kV. The morphologies of nanofibers produced by the BE and MBE were investigated respectively by SEM. The SEM micrographs and diameter distributions of the obtained nanofibers with different bubble electrospinning methods were illustrated in fig. 5 . It could be seen that highly aligned nanofibers could be readily produced by the MBE, and the diameter distribution was more homogeneous than the BE. In addition, the diameters of the nanofibers fabricated by the BE ranged from 200 nm to 1000 nm, and the corresponding values for the MBE ranged from 100 nm to 500 nm. Moreover, the average diameters of the nanofibers fabricated by BE and MBE were 510 nm and 304 nm, respectively. The experimental results were in good agreement with the results obtained by applying theoretical analysis, and showed that MBE could be used to optimize and control the diameter distribution and the degree of alignment of electrospun nanofibers. 
Conclusions
In this paper, a MBE by placing a positively charged ring between the bubble and the parallel electrode collector was successfully developed for mass production of highly aligned nanofibers for a long spinning time. Theoretical analyses were carried out to study the formation mechanism of the well-aligned nanofibers obtained by MBE. The theoretical results showed that MBE could be used to optimize and control the degree of nanofiber alignment. In future, we will carry out experimental study to verify the results. The theoretical results were further verified according to the experimental data. As a result the MBE could decrease the diameter of nanofibers, enhance the uniformity of nanofiber diameter distribution, and improve the degree of nanofiber alignment.
